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Abstract—Food intake is a major healthcare issue in developed
countries that has become an economic and social burden across
all sectors of society. Bad food intake habits lead to increased
risk for development of obesity in children, young people and
adults, with the latter more prone to suffer from health diseases
such as diabetes, shortening the life expectancy. Environmental,
cultural and behavioural factors have been appointed to be
responsible for altering the balance between energy intake
and expenditure, resulting in excess body weight. Methods to
counteract the food intake problem are vast and include self-
reported food questionnaires, body-worn sensors that record the
sound, pressure or movements in the mouth and GI tract or
image-based approaches that recognize the different types of food
being ingested. In this paper we present an ear-worn device
to track food intake habits by recording the acoustic signal
produced by the chewing movements as well as the glucose level
amperiometrically. Combined with a small camera on a future
version of the device, we hope to deliver a complete system
to control dietary habits with caloric intake estimation during
satiation and deficit during satiety periods, which can be adapted
to the physiology of each user.

I. INTRODUCTION

Food intake is a normal process for any living being to ob-
tain energy and other products that help keeping a standard ho-
moeostatic level. Each macromolecule or nutrient is ingested
in accordance to the satiating effect it produces inside the body,
with carbohydrates being the ones with a considerable caloric
content. Body weight of a person is a direct measurement of
the balance established between energy intake and expenditure.
While the former is accomplished mostly by food ingestion
through the mouth, the latter is a consequence of keeping a
basal activity level for all the biological processes taken place
inside the human body, further enhanced by physical activities.
Control of food intake is the responsibility of some central
regions located within the brain, namely the hypothalamus,
brainstem and endocannabinoids and, peripherally, by satiety
and adiposity signals [1]. Lesions to this regions result in the
impairment of the control mechanisms involved in the intake
of food, leading to diseases like obesity. In the developed
world, the number of obesity cases affecting children, young
people and adults is increasing at alarming rates, not only
as a consequence of some inherent physiological imbalance
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but, mostly so, because of the sedentary way of living and
the pressure that environmental and behavioural factors place
over the society, such as, the mealtime spent in front of the
television watching food advertisements or shows alike [2].

The problem is now considered a major burden for the
healthcare system worldwide, with governments struggling to
develop food policies and guidelines to attenuate bad food
intake habits. Several methods have been proposed in recent
years to track food intake in the form of traditional self-
reported questionnaires about food frequency intake, to more
sophisticated ones which make use of wearable technology to
detect the sound and pressure signals produced by the chewing
and swallowing movements [3] or image-based methods for
food recognition during meal ingestion [4], with automatic
gesture identification for food intake performed even during
some physical activities [5].

Glucose level assessment is typically performed by meters
that collect a small amount of blood from the finger and
calculate the sugar content of blood within seconds. However,
the process resembles more a sporadically point-of-sample
collection that is user-dependent. Blood sugar levels are also
related to the glucose level measured in other fluids such as
saliva, sweat and ear wax, which can be accessed more easily
by wearable sensors during the satiation and satiety periods.

In this paper, we propose an electronic device with sound

Fig. 1: The concept of a futuristic personalized food classifi-
cation system aimed to monitor the food intake habits of the
user, combining audio recordings obtained from the chewing
movements with image capturing of the ingested food and
glucose level assessment, all included in a single ear-worn
device with connectivity to a personal database via mobile
phone’s routing of the acquired (and processed) signals.
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Fig. 2: Ear-worn device with acoustic and glucose measurement channels. a) Simplified electronic schematic for the device.
b) Printed circuit board with top (top row) and bottom (middle) layers and SEM picture of the needle-type glucose sensor
(bottom). c) Workflow diagram for the digital audio processing routine.

capturing and glucose measurement channels to be employed,
in a first stage, as a food intake detection system with Blue-
tooth Low Energy (BLE) communication to a mobile phone.
Unlike the approaches followed by [6] and [7], the device is
intended to be worn within the ear when fully operational,
as shown in Fig. 1. The ear canal, although isolated from the
mouth cavity, provides an excellent location for acoustic sensor
placement since sound propagates fairly well from the mouth
cavity to the surrounding tissues, whereas its internal structure
provides sound isolation from the exterior. By its turn, the
apocrine sweat glands present in the canal furnish a medium
to monitor glucose off-body. Combined with digital processing
routines that make use of sub-band signal decomposition and
similarity check by Dynamic Time Wrapping (DTW) applied
to audio records off-line, the device is able to distinguish 4
different types of food, with measurement of the glucose level
at the same time that can help distinguishing between periods
of satiety and satiation so as to provide correct time stamps
to trigger sound and image capturing during meal intake.

II. MATERIAL AND METHODS

This section describes the electronic modules involved in the
acquisition of the audio signals produced during food chewing,
as well as the amperommetric channel developed for glucose.
It also describes the design of a small needle-type sensor from
the chemistry point-of-view, followed by the description of the
digital routines developed for audio processing.

A. Electronic Prototype

1) Acoustic Measurement Channel: Sound is captured by a
small omnidirectional microphone (EK-23024-C36, Knowles)
with sensibility of -53 dBA, inserted inside the ear canal in
order to provide a closer distance to the mandible and maxilla,
as depicted in Fig. 2a (acoustic channel). The signal is then
high-pass filtered with fHP

cut ≈ 1.5 Hz before amplification
via a non-inverting amplifier (LT1638, Linear Technology)
with gain set to 370 V/V. An anti-alias filter with fLP

cut =

2 kHz is applied to the amplified signal before digitalization
at rates of 256 SPS with 10-bit resolution by the analogue-
to-digital (ADC) module inside the microcontroller (MCU,
nRF51822, Nordic Semiconductors), which is equipped with
BLE connectivity, as shown in Fig. 2b (BLE module). The
raw audio signal transmitted in real-time to the computer is
subjected to digital processing afterwards.

2) Glucose Measurement Channel: The glucose sensor
employed in this paper consisted in a stainless-steel tube for
the counter (CE) and reference (RE) electrodes and platinum
wire for the working electrode (WE), disposed into a small
needle-type structure with flat surface not to pierce or cause
any ear infection, as depicted in Fig. 2b (bottom image).
Electropolymerisation was used to deposit the intermediate
layer by cycling between -0.3 and +1 V. Enzyme was then
immobilised by dip coating in enzyme-glutaraldehyde mixture
comprising 40 U enzyme and 20 mg BSA, at a 2:1 ratio, with
1% (v/v) glutaraldehyde solution [8]. The mixture was cured
for 10 min, rinsed in PBS and dried at room temperature for 2
h. On the electronic side, an amperiometric detection channel
was designed to measure the response from the needle-type
glucose sensor. CE and RE were linked together in an open-
loop amplifier configuration (LT1638, Linear Technology), as
shown in Fig. 2a (glucose channel), with level set to 0.25 V
by a voltage divider at the output pin of the MCU. Then, WE
was connected to a transimpedance amplifier in order to covert
current into voltage, before signal amplification by a differ-
ential amplifier (AD8226, Analog Devices) with gain set to
1000V/V. Finally, digitalization of the amplified glucose signal
takes place at a rate of 5 SPS and 10-bit resolution inside the
MCU. In terms of power consumption, the device consumes
approximately 10 mA of current during signal acquisition plus
and extra 15 mA during BLE transmissions, scheduled to occur
at regular intervals of 62.5 ms with packet payloads of 20
bytes each, which translates into a data communication rate
of 2.5 kbps. A rechargeable battery with 80 mAh (501220,
TPE New Energy) is used to power continuously the device
for time periods up to 3 hours.
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Fig. 3: Chemical and acoustic recordings obtained during the ingestion of a banana by a single volunteer. a) Glucose level
variation as a function of time tested in saliva, with calibration curve obtained for the needle-type sensor on a electrochemical
workstation (inlet). b Audio signal acquired directly by the device c) Spectrogram of the audio signal. d) Digital processing
for estimation of the signal envelope prior to the DTW routine.

B. Digital Signal Processing

Figure 2c shows the workflow diagram involved in the
digital processing routine for the audio. On the computational
side, the entire raw signal is used to calculate the enveloped
inside MatLab (Mathworks Inc., Natick, MA, USA). A filter
bank synthesis is first employed to generate sub-band signals
with different frequency content at each decomposition level.
The number of samples is reduced by a factor of 2 between
levels, while applying the same low-pass filter coefficients
as given by Expression 1, to derive the logarithmic tree of
the signal up to a level n set by software. In this paper, we
decompose the audio into levels of 2 and 7 that correspond to
a decimation of 62.2 Hz and 2 Hz [5].

hlp =
1

8

[
(1 +

√
3) (3 +

√
3) (3−

√
3) (1−

√
3)
]

(1)

After envelope detection, DTW is used to measure the
similarity between two signals originating from two different
types of food that can have dissimilar temporal extensions.
This constitutes the kernel for the classifier, as it will compare
audio signals with the ones already inside a hypothetical
personal database. Building an extensive audio database with
chewing sounds is an ongoing process and, in this paper, we
compare only DTWs between different food types ingested
during a single experiment. DTW then computes the absolute
difference between every data point present in one signal

relative to the other, calculating the best alignment sequence
that minimizes the costs between each pair of data points.

III. RESULTS

Solutions with different concentration of glucose in the
range ∈ [0, 15] mM were prepared in PBS (ph 7.4, room
temperature) to test the needle-type sensor, first on a elec-
trochemical workstation (CHI600E, CH Instruments) without
connection to the proposed device. The result is shown on
the inlet of Fig. 3a. Then, ingestion of four different types
of food - e.g. sandwich, banana, crisps and water - was
performed in sequence by a volunteer, with acquisition of
the audio signal by the device. Saliva samples were also
acquired in between bites during the ingestion of a banana
in order to measure the glucose level. Chemical and acoustic
measurements obtained during the experiment are shown in
Figs. 3a and 3b, respectively, whereas the spectrogram of the
audio is depicted in Fig. 3c and the output of the filter bank
in Fig. 3d. Finally, the results from DTW corresponding to all
the possible pair combinations of ingested food are shown in
Fig. 4, with the superimposition of the best alignment.

IV. DISCUSSION

The performance of the audio channel has shown good
response in detecting the sound produced in the mouth cavity.
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Fig. 4: DTWs and sequence of alignment (red path) for the six combinations of the different types of ingested food (level 7
of the audio envelope. a) Sandwich and banana. b) Sandwich and crisps. c) Sandwich and water. d) Banana and crisps. e)
Banana and water. f) Crisps and water.

Signal decimation to a level of 7 has allowed a faster pro-
cessing time for the computation of the DTW, as the number
of audio spikes are reduced and more similarity points are
revealed among signals. Between the different types of food,
sandwich and crisps produce better DTW sequence, whereas
the audio for water generates the worst alignments with any
type of solid food ingested, as expected.

Regarding the chemical measurements, the tests performed
in laboratory have shown a high sensitivity of the glucose
sensor, detecting differences of 0.01 mM in concentration.
Salivary glucose tests have also shown an increase in the
current output of the sensor during food ingestion, though for
the purpose of a complete ear-worn device, these measure-
ments must be taken inside the ear canal with a predictable
reduction in the concentration level for glucose as derived
by sweat (or subcutaneously) in the future. Moreover, we
also believe that by creating an ear-worn device calibrated
by on-body signals is an essential requirement to produce
efficient dietary monitoring systems since the mouth cavity
and its sound propagating characteristics are unique to each
individual, as well as the glucose level in the physiological
state. Deposition of these signals inside personal databases is
the one way forward to predict more accurately the type and
amount of food ingested, instead of relying in data retrieved
from global databases that conjugate signals from all users.

V. CONCLUSION

In summary, an ear-worn device for capturing the audio
signal produced during the chewing movement has been
presented with audio processing routines developed for iden-
tification of the temporal similarity between different types

of food. Together with chemical monitoring, the device is
aimed to record the fluctuations on the glucose level during the
satiation and satiety periods of the user, in order to establish
the caloric intake and deficit, to be complemented by image
capturing for visual food recognition. Acceptance of this type
of device by the general public might be dubious as it can
be annoying to wear despite its small dimension. Moreover,
the device will not prevent people from eating certain types
of food, rather provide a better dietary experience for users.
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